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ABSTRACT
We investigate the amount and spatial distribution of interstellar dust in edge-on spiral galax-
ies, using detailed radiative transfer modeling of a homogeneous sample of 12 galaxies se-
lected from the CALIFA survey. Our automated fitting routine, FitSKIRT, was first validated
against artificial data. This is done by simultaneously reproducing the SDSS g-, r-, i- and z-
band observations of a toy model in order to combine the information present in the different
bands. We show that this combined, oligochromatic fitting, has clear advantages over standard
monochromatic fitting especially regarding constraints on the dust properties.
We model all galaxies in our sample using a three-component model, consisting of a
double exponential disc to describe the stellar and dust discs and using a Se´rsic profile to
describe the central bulge. The full model contains 19 free parameters, and we are able to
constrain all these parameters to a satisfactory level of accuracy without human intervention
or strong boundary conditions. Apart from two galaxies, the entire sample can be accurately
reproduced by our model. We find that the dust disc is about 75% more extended but only
half as high as the stellar disc. The average face-on optical depth in the V-band is 0.76 and the
spread of 0.60 within our sample is quite substantial, which indicates that some spiral galaxies
are relatively opaque even when seen face-on.
Key words: radiative transfer – dust, extinction – galaxies: structure – galaxies: individ-
ual: IC 2098, UGC 4136, IC 2461, UGC 5481, NGC 3650, NGC 3987, NGC 4175, IC 3203,
IC 4225, NGC 5166, NGC 5908, UGC 12518
1 INTRODUCTION
A part of the interstellar medium (ISM) is made up from dust
grains, created mainly in the atmospheres of AGB stars (Ferrarotti
& Gail 2006; Dwek & Cherchneff 2011) and during supernova ex-
plosions (Dwek 1998; Cherchneff 2010; Indebetouw et al. 2014).
Apart from their role in a number of physical and chemical pro-
cesses, like catalyzing the production of molecular hydrogen and
consequently regulating star formation (Hollenbach & Salpeter
1971), dust grains are important as they absorb at least one third
of the UV/optical light in galaxies (Popescu & Tuffs 2002).
By using far-infrared (FIR) and submm observations, it has
become possible to determine the total dust mass in galaxies with
a reasonable accuracy. Especially since the launch of the Herschel
Space Observatory (Pilbratt et al. 2010), the dust mass can be di-
rectly estimated by fitting a modified blackbody or more advanced
models to the observed spectral energy distribution (e.g., Dunne
et al. 2011; Dale et al. 2012; Smith et al. 2013; Ciesla et al. 2014).
However, apart from a few nearby targets, these observations lack
the spatial resolution to resolve the individual regions and getting a
more detailed picture of the dust distribution.
An alternative approach consists of determining the dust
masses and distribution from the extinction effects caused by dust
on UV and optical starlight. In this case, the necessary resolution is
easily attained and the observations are cheap and easy to obtain.
The drawback is that it is not straightforward to determine the total
mass and the distribution of the dust from the observed level of ex-
tinction (Disney et al. 1989; Witt et al. 1992; Byun et al. 1994; di
Bartolomeo et al. 1995; Baes & Dejonghe 2001a; Inoue 2005) . To
adequately determine these properties from extinction all the nec-
essary physics like the absorption efficiency, scattering rate, etc. for
different dust compositions and distributions have to be accounted
for. In other words, one has to rely on dust radiative transfer mod-
eling.
Thanks to an increase in computational power and the de-
velopment of efficient algorithms, dust radiative transfer codes
have become increasingly more realistic and powerful. They can
now be applied to arbitrary geometries, and include physical pro-
cesses as absorption, multiple anisotropic scattering, polarization,
thermal and non-thermal emission (e.g. Gordon et al. 2001; Baes
et al. 2003, 2011; Jonsson 2006; Bianchi 2008; Robitaille 2011).
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An overview of the most important developments, advantages and
disadvantages of different approaches regarding 3D dust radiative
transfer codes can be found in Steinacker et al. (2013).
As the creation of these radiative transfer models of spiral
galaxies can be an arduous task, most of these studies focus on a
very limited number of targets or even a single galaxy (e.g. Kylafis
& Bahcall 1987; Popescu et al. 2000, 2011; Bianchi et al. 2000;
Matthews & Wood 2001; Misiriotis et al. 2001; Baes et al. 2010;
MacLachlan et al. 2011; De Looze et al. 2012a,b; Schechtman-
Rook et al. 2012). Most of these studies have targeted spiral galax-
ies with an inclination close to 90 degrees, as these offer some
unique advantages. In particular, because of the edge-on projec-
tion, the separate components of the galaxy, i.e. the stellar disc,
dust disc and central bulge, are clearly distinguishable. Unfortu-
nately, the varying observational input used for the modeling, and
the different assumptions, geometries and physical ingredients in
the radiative transfer models themselves make it almost impossi-
ble to compare these studies and draw general implications on the
amount and distribution of dust in spiral galaxies. What is needed
is a radiative transfer study of a sizable sample of galaxies, all mod-
eled in a homogeneous way based on similar data.
There have been only two such efforts in the literature:
Xilouris et al. (1997, 1998, 1999, hereafter X99) and Bianchi
(2007, hereafter B07) both modeled a set of seven edge-on spiral
galaxies with prominent dust lanes. The main conclusions of these
works are that the dust disc tends to be larger radially than the stel-
lar disc while being thinner in the vertical direction. However, there
is still some uncertainty on the ratio of the dust and stellar scale
length as different methods to determine the size of the dust disc
results in values from being from only 10% larger (Mun˜oz-Mateos
et al. 2009) up to 100% or even more (Holwerda et al. 2005; Tem-
pel et al. 2010; MacLachlan et al. 2011). In the cases where the
FIR/submm observations were able to resolve the dust disc, similar
values for the dust scale height and length were found as the ones
determined from fitting radiative transfer models to optical/NIR ob-
servations (Verstappen et al. 2013; Hughes et al. 2014).
One of the most important quantities concerning the dust dis-
tribution in spiral galaxies is the face-on optical depth τfV. A large
number of papers looked into this parameter, resulting in often con-
tradicting conclusions (Valentijn 1990, 1994; Burstein et al. 1991;
Bosma et al. 1992; Byun 1993; Bottinelli et al. 1995; Buat & Bur-
garella 1998; Masters et al. 2003). The importance of this value is
not to be underestimated: galaxies with τfV ă 1 would be almost
completely transparent when seen face-on, whereas higher values
for τfV would indicate that a significant fraction of the stars in spiral
galaxies could be invisible. The latter case has far-reaching conse-
quences for the use of spiral galaxies in a cosmological context, as
it would, for example, invalidate most determinations of mass-to-
light ratios.
Another important aspect to consider is the ratio between the
stellar and dust scale height. According to Dalcanton et al. (2004)
there should be a clear transition at the critical rotation speed of 120
km s´1 where the more massive galaxies have a well-defined, thin
dust disc, while the less massive galaxies have a more diffuse and
bloated dust disc. A similar feature was also observed by MacLach-
lan et al. (2011) whose radiative transfer models contain a dust disc
which has a scale height similar to or larger than the stellar disc
and therefore does not have an obvious dust lane, contrary to the
relatively much thinner dust discs in galaxies with a higher surface
brightness. They suggest that the origin might be a combination of
the two possible explanations: either their galaxies have a larger
stability against vertical collapse, as expected using the results de-
scribed in Dalcanton et al. (2004), or the extraordinary thin nature
of the stellar discs in their sample.
In this paper we study a set of edge-on spiral galaxies by us-
ing detailed radiative transfer models in order to determine their
stellar and dust morphology and, subsequently, their face-on opti-
cal depth. The selection of our sample, the largest sample so far
upon which detailed radiative transfer modeling has been applied,
is discussed in Sect. 2. In Sect. 3 we present our modeling tech-
nique, which should be objective and preferably automated. We use
an updated version of FitSKIRT (De Geyter et al. 2013), an auto-
mated optimizing code around the radiative transfer code SKIRT
(Baes et al. 2011) to construct models which accurately reproduce
the observations. The most important new feature of the code is the
oligochromatic fitting1, which is discussed and thoroughly tested
on an artificial data. The results of our fits and an individual discus-
sion of each galaxy in our sample is presented in Sect. 4. We make
some remarks about the quality of the models in general, compare
and validate our results against results available from other studies,
and discuss the results of both the stellar and dust properties of our
sample in Sect. 5. Our conclusions are presented in Sec. 6.
2 SAMPLE SELECTION
Our starting point was the Calar Alto Legacy Integral Field Area
Survey (CALIFA) sample (Sa´nchez et al. 2012). This is a statisti-
cally well-defined sample of 600 nearby galaxies, selected from
the Sloan Digital Sky Survey (SDSS) DR7 photometric catalog
(Abazajian et al. 2009) by using two additional conditions: the
redshift range was limited to 0.005 ă z ă 0.03 and only galax-
ies with an isophotal r-band diameter between 45 and 80 arcsec
were considered. The CALIFA survey is one of the largest integral
field spectroscopic surveys: by completion of the survey, all galax-
ies will have been observed using the PMAS/PPAK integral field
spectrograph (Roth et al. 2005; Kelz et al. 2006) in the wavelength
range between 3700 and 7000 Å. This will allow the construction of
detailed two-dimensional maps of the stellar kinematics, the ages
and metallicities of the stellar populations, and the distribution, ex-
citation mechanisms, chemical abundances and kinematics of the
ionized gas. The first CALIFA public data release took place in
November 2012 (Husemann et al. 2013) and several scientific re-
sults based on these data have been published (e.g., Kehrig et al.
2012; Sa´nchez et al. 2013, 2014; Marino et al. 2013; Gonza´lez Del-
gado et al. 2014). The size of the sample and the wealth of informa-
tion that is (or will be) available for all galaxies in a homogeneous
way make it an ideal starting sample from which we select ours.
From the CALIFA sample, edge-on spiral galaxies with a clear
dust lane morphology were selected by visual inspection of the
SDSS images of the galaxies. Interacting or visibly strongly asym-
metrical galaxies were rejected from the sample. In order to do a
reliable radiative transfer fitting (the goal of this paper), it is crucial
that the galaxies have sufficient resolution. In particular, if we want
to derive information on the distribution of the dust, the dust lane
must be properly resolved in the vertical direction. Based on pre-
vious experience with the fitting code, FitSKIRT (De Geyter et al.
2013), we exclude galaxies with a major axis smaller than 1 arcmin
or a minor axis smaller than 8 arcsec. The final sample, listed in
1 oligo- or olig-, as in oligopoly, oligarchy or oligosaccharide, derived from
the Greek olı´gos, meaning ”few” or ”a little”. So oligochromatic fitting is
the modeling of a small number of images simultaneously.
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Table 1, consists of 12 edge-on spiral galaxies with distances rang-
ing from 42 to 119 Mpc. Figure 1 shows SDSS thumbnail images
of the sample galaxies.
Apart from their statistical properties, an added value of these
galaxies over other SDSS galaxies is the fact that their integral field
spectroscopy might be used in follow-up studies. The Hα/Hβ line
ratio could be used to have an independent measure of the atten-
uation in our sample (Tuffs et al. 2004; Boselli et al. 2013). Ad-
ditionally the CALIFA data might be used to determine the gas-
phase metallicity gradients across star-forming disks (Sa´nchez et al.
2013). Combining maps of the metallicity distribution with our an-
cillary data to simultaneously trace the gas, stellar and dust content,
enables us to study the relationships between the key phases of the
baryons in the ISM. The relationship between stellar mass, oxygen
abundance and gas content found in large scale, integrated obser-
vations (Hughes et al. 2013; Bothwell et al. 2013) could therefore
be tested on local scales. The predicted relationship between the
gas-to-dust ratio and the gas-phase metallicity may also be used to
constrain theoretical models of chemical evolution (Draine et al.
2007). Furthermore, we can directly test for the accretion of cold
gas by searching for pristine, unenriched gas in the exterior of the
disks (Bresolin et al. 2009). We therefore have many opportunities
for follow-up studies.
For all sample galaxies, homogeneous u, g, r, i and z-band
images are available from the SDSS, so, in principle, we could
use these five bands for our multi-wavelength radiative transfer
fits. However, we decided not to include the u-band images, as the
image quality was insufficient for most galaxies. Additional near-
infrared J, H and Ks imaging is available for all galaxies from the
Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006), but
also here the signal-to-noise ratio was inadequate for most galax-
ies in the sample. An alternative could be deep NIR imaging from
the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al.
2007), but this is available only for a few galaxies in the sample.
As we wanted to keep the data set homogeneous, we did not in-
clude these data.
This complete and uniform sample of g, r, i and z-band data
is an ideal set to investigate the dust properties in extinction in a
systematic way: the g band is clearly attenuated by the dust while
the z band observations contain more accurate information about
the stellar properties.
3 RADIATIVE TRANSFER MODELING
3.1 The model
The model we use to fit to the image consists of a double-
exponential stellar disc, a flattened Se´rsic bulge and double-
exponential dust disc – this is the de facto standard used for ra-
diative transfer modeling of edge-on spiral galaxies (Xilouris et al.
1999; Popescu et al. 2000, 2011; Bianchi 2007; Baes et al. 2010;
De Looze et al. 2012b; De Geyter et al. 2013).
The stellar disc is described by a scale length hR,˚, a scale
height hz,˚, and a luminosity at each of the g, r, i and z bands.
The bulge is parameterized by the effective radius Reff, the Se´rsic
index n, the intrinsic flattening q, and again, a luminosity at each
of the four bands considered. Note that we use the same geometri-
cal parameters at all wavelengths and that only the luminosities of
the bulge and disc are determined individually at each wavelength.
While there is evidence that e.g. disc scale lengths are wavelength-
dependent (Peletier et al. 1994; Corradi et al. 1996; Xilouris et al.
1999), we have chosen this approach to limit the number of free pa-
rameters in our models. A geometrical parameter that is expected
to change as a function of wavelength is the bulge-to-disc ratio:
typically, it increases steadily from blue wavelengths, where young
stars in the disc dominate, into the near-infrared, where old stellar
populations in the bulge contribute the most. The fact that the indi-
vidual luminosities of disc and bulge at each band are free parame-
ters in our model, allows us to simulate this wavelength dependent
behavior.
The geometry of the dust disc is also characterized by a scale
length hR,d and scale height hz,d. Apart from the geometrical dis-
tribution of the dust, the optical properties (absorption efficiency,
scattering efficiency and scattering phase function) and the total
amount of dust need to be set. We have used the standard BARE-
GR-S model of Zubko et al. (2004), which consists of a combi-
nation of PAH, graphitic and silicate dust grains. The relative dis-
tributions of each component have been weighted to best match
the extinction, abundances, and emission associated with the Milky
Way dust properties (RV “ 3.1). By using a physical dust model,
we have fixed the wavelength dependence of the optical properties
of the dust, and the only free parameter left to determine is the total
amount of dust. This can be characterized in different ways, e.g. as
the total dust mass Md or the face-on or edge-on optical depth at
any wavelength (for a given geometry and fixed dust model, these
parameters are equivalent).
Although stellar discs are often truncated at 3 to 4 scale
lengths (Pohlen et al. 2000, 2007; de Grijs et al. 2001; Kregel et al.
2002), we have not included an explicit truncation profile for either
the dust or stellar disc. For the dust disc, we use a grid to parti-
tion the dust distribution that is four times the upper boundary of
the dust scale length. This results in an implicit truncation of the
dust distribution, but as only a very small fraction of the dust mass
falls outside this radius, our discs are essentially not truncated. Note
that X99 and B07 did use a truncation of the dust disc at 3 – 4 scale
lengths, which could potentially complicate a direct comparison.
The last three parameters to be determined are the inclination i
of the system and the x and y coordinate of the centre of the galaxy
on the plane of the sky. In total, our model has 19 free parame-
ters (5 stellar geometry parameters, 8 luminosities, 2 dust geometry
parameters, the total dust mass and 3 projection parameters). Our
problem comes down to finding the combination of these 19 pa-
rameters that results in a set of simulated g, r, i and z-band images
that reproduce the observed images best. This is extremely time
consuming as each simulation requires a full radiative transfer cal-
culation including absorption and multiple anisotropic scattering
by dust. In addition, both the observed images and the simulated
images contain Poisson noise (which is unavoidable when using a
Monte Carlo code for radiative transfer calculations). Moreover, the
19-dimensional parameter space is typically not well-behaved, with
different local extrema. Special techniques are therefore required.
3.2 FitSKIRT
We use the FitSKIRT radiative transfer modeling code (De Geyter
et al. 2013). The core of FitSKIRT is SKIRT (Baes et al. 2011), a
Monte Carlo radiative transfer code designed to solve the 3D dust
radiative transfer problem including the physical processes of ab-
sorption, multiple anisotropic scattering and thermal emission by
dust (for a general overview of radiative transfer, see Steinacker
et al. 2013). Advanced ingredients of the SKIRT code include the
use of hierarchical and/or unstructured grids for the dust medium
(Saftly et al. 2013, 2014; Camps et al. 2013), a range of optimiza-
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IC#2098# UGC#4136# IC#2461# UGC#5481# NGC#3650# NGC#3987#
NGC#4175# IC#3203# IC#4225# NGC#5166# NGC#5908# UGC#12518#
Figure 1. SDSS thumbnail images for the 12 galaxies in our sample with a FoV of 90” by 90”.
Galaxy RA Dec Distance Major axis Minor axis Type r-band
(J2000) (J2000) (Mpc) (arcmin) (arcmin) (mag)
IC 2098 04:50:44 ´05:25:07 47.8 2.3 0.3 Sc 13.8
UGC 4136 07:59:54 +47:24:47 90.8 1.7 0.4 Sa 13.5
IC 2461 09:19:58 +37:11:29 54.2 2.4 0.4 Sbc 13.3
UGC 5481 10:09:51 +30:19:15 90.2 1.5 0.5 Sa 13.1
NGC 3650 11:22:35 +20:42:14 59.7 1.7 0.3 SAb 13.4
NGC 3987 11:49:30 ´01:05:11 61.4 2.2 0.4 Sb 13.8
NGC 4175 12:12:31 +29:10:06 42.2 1.8 0.4 Sbc 13.2
IC 3203 12:21:46 +25:53:05 119.2 1.5 0.2 Sb 14.2
IC 4225 13:20:01 +31:58:53 73.9 1.3 0.3 S0/a 13.9
NGC 5166 13:28:15 +32:01:57 62.6 2.3 0.4 Sb 12.9
NGC 5908 15:16:43 +55:24:33 53.4 3.2 1.2 SAb 12.0
UGC 12518 23:20:13 +07:55:55 51.6 1.3 0.2 Sb 14.0
Table 1. The final sample of 12 edge-on galaxies selected out of the CALIFA sample.
tion techniques to speed up the Monte Carlo process (Baes 2008;
Baes et al. 2011), and the possibility to calculate the effect of dust
on the observed kinematics (Baes & Dejonghe 2001b, 2002; Baes
et al. 2003). It is mainly applied to simulate dusty galaxies (e.g.,
Gomez et al. 2010; De Looze et al. 2012b,a), but has also been used
to model active galactic nuclei (Stalevski et al. 2012) and dusty
discs around evolved stars (Vidal & Baes 2007; Deschamps et al.
2014).
FitSKIRT couples SKIRT to the genetic algorithms-based op-
timization library GAlib (Wall 1996). Genetic algorithms are prob-
lem solving systems based on evolutionary principles. They have
been applied successfully to a large range of global optimization
problems, and they are becoming increasingly popular as a tool for
astrophysical applications (Charbonneau 1995; Rajpaul 2012). Ge-
netic algorithms easily handle noisy objective functions, since they
work on a set of solutions rather than iteratively progressing from
one point to another (Metcalfe et al. 2000; Larsen & Humphreys
2003). This makes them particularly suited for our case. A full de-
scription of FitSKIRT can be found in De Geyter et al. (2013).
For the present work, we use a novel version of FitSKIRT
with significantly extended and improved capabilities. The code has
been completely rebuilt and restructured. The new version of Fit-
SKIRT, like the previous version, is completely written in C++, but
has now been embedded in the Qt framework (Summerfield 2010).
This allows for more flexibility in both the implementation and the
usability of the program. The code can read an arbitrary number of
images and fit a radiative transfer model to them based on an ar-
bitrary combination of stellar and dust components. Moreover, the
genetic algorithm based optimization process has been modified
so the radiative transfer simulations are now executed in parallel.
This parallelization is handled using Qt multi-threading protocols
on shared memory computers and by a message passing interface
(MPI) on distributed memory clusters. Consequently, the speed of
the code has significantly increased making it an ideal tool to use
on larger samples.
3.3 Oligochromatic fitting
As blue bands show clear signs of extinction by dust and which
conceals information about the intrinsic stellar distribution, the op-
posite is true for longer wavelengths where a more accurate map
of the stellar distribution is shown. However this comes at the
cost of a detailed information on the dust properties. Consequently
an ideal fitting routine should incorporate this information by si-
multaneously making use of the two wavelength regimes. There-
fore, the most considerable addition to FitSKIRT is the possibil-
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ity of oligochromatic fitting. Although fitting to a set of images at
different wavelengths is computationally more demanding, it also
holds some clear advantages over monochromatic fitting proce-
dures. Apart from the ability to handle some of the degeneracies
monochromatic modeling has to cope with, oligochromatic fitting
allows for more stable convergence towards the optimal solution,
especially for low S/N observations (Ha¨ußler et al. 2013; Vika et al.
2013).
In the oligochromatic approach, the parameter values of the
model are used to generate a set of images at different wavelengths.
In essence, the oligochromatic simulation is therefore nothing more
than a set of monochromatic images, all having the same input val-
ues. The most straightforward way would be to search the entire
19-dimensional parameter space for the best solution.
We can, however, use the fact that the radiative transfer prob-
lem is linear with respect to the total luminosity. For the monochro-
matic FitSKIRT fitting as presented by De Geyter et al. (2013), we
determined the total luminosity of the system as a separate opti-
mization outside the genetic algorithm. Here, we go one step fur-
ther, and determine the luminosities of the bulge and disc at each
individual band outside the genetic algorithm. This is achieved as
follows: for a particular dust geometry, we initially set the luminos-
ity of each stellar component equal to a dummy value. We create
a set of images for the bulge and disc components separately. The
next step consists of convolving each of these images with the PSF
of the observed image at the corresponding wavelength. Determin-
ing the best fit for the luminosity of the bulge and the disc is then
done by summing the two components and looking for the two lu-
minosity values that result in the lowest χ2 at each wavelength. At
every wavelength, this corresponds to a simple 2D minimization,
which is done using a straightforward downhill simplex method.
As the code fits each wavelength individually, no prior assump-
tions regarding the stellar population in the disc or bulge have to
be made. Once the luminosities are determined, the total χ2-value
of the model is determined as the sum of all wavelength dependent
χ2-values.
An important issue in the oligochromatic fitting is the assign-
ment of relative weights of the different frames to the global χ2
value. Different noise values, pixel scales or simply a different num-
ber of pixels in the frame could cause a strong bias in the global χ2
value. For example, if one of the observed frames has more pixels
to fit or higher counts compared to the other frames, it could easily
dominate the resulting χ2-value. As a result, the oligochromatic fit
would essentially become a computationally expensive monochro-
matic fit. To avoid this situation, the creation of the set of reference
images should be done as uniformly as possible. The first step is to
rebin the frames, assure the field of view and the pixel scale are the
same for all wavelengths. This not only assures the total number
of pixels where the χ2-value is determined to be the same but also
assures that the same physical region is being studied.
In some cases, regions containing foreground stars, hot or
dead pixels, etc. might need to be masked. As a final step to mini-
mize the biasing of certain frames, we normalize the total intensity
in all frames so the total χ2 weight should be equal for all frames.
3.4 Validation of the oligochromatic fitting
The monochromatic version of FitSKIRT was thoroughly vali-
dated, as described in De Geyter et al. (2013). As the oligochro-
matic approach substantially differs from the monochromatic, we
revisit the test case used for the latter. An artificial galaxy model
consisting of an exponential stellar disc, a flattened Se´rsic bulge
Parameter unit reference griz˘RMS g˘RMS
hR,˚ kpc 4.4 4.36˘ 0.11 4.46˘ 0.17
hz,˚ kpc 0.5 0.51˘ 0.02 0.50˘ 0.02
Ltotg 10
9 Ld 1.33 1.30˘ 0.12 1.31˘ 0.12
Reff kpc 2 2.2˘ 0.7 2.1˘ 0.8
n — 2.5 2.3˘ 0.7 2.1˘ 1.2
q — 0.5 0.51˘ 0.03 0.48˘ 0.04
B{Tg — 0.21 0.19˘ 0.04 0.22˘ 0.05
hR,d kpc 6.6 6.5˘ 0.6 6.4˘ 1.1
hz,d kpc 0.25 0.25˘ 0.01 0.24˘ 0.03
Md 107 Md 4 4.2˘ 0.4 3.9˘ 0.6
i deg 89 89.1˘ 0.1 89.0˘ 0.3
Table 2. Reference values, Best values and RMS values for the mock galaxy
determined FitSKIRT results. The RMS is calculated in the same way as
done in De Geyter et al. (2013)
and an exponential dust disc was set up using typical values for the
various parameters. The model is similar to the test case used in De
Geyter et al. (2013), with the main exception that we now gener-
ate images at the g, r, i and z bands using the SKIRT code. As a
sanity check, we can use this artificial galaxy to look at both the
reproduction of the images as well as recovering the initial input
values. To set the values of the luminosities of the two components,
we assumed that the bulge consists of an old stellar population with
an age of 12 Gyr, while the disc is characterized by a young stellar
component of 1 Gyr. They were normalized such that the intrinsic
bulge-to-disc ratio is 0.33 and the disc luminosity is 109 Ld in the
V band, corresponding to values of 0.27, 0.37, 0.42 and 0.50 for
the bulge-to-disc ratios and 1.33- ,1.23- , 0.97- and 0.80ˆ 109 Ld
for the disc luminosity in the g, r, i and z band, respectively. The
left column of the left-hand panel in Figure 2 shows the resulting
g, r. i and z band images at an inclination of 88 degrees. Both the
increasing bulge-to-disc ratio and the decreasing level of extinction
with increasing wavelength are clearly visible.
The right column of the left-hand panel in Figure 2 shows
the result of an oligochromatic FitSKIRT fit to this set of four im-
ages. The only clear difference between the corresponding left and
central column images is a lower signal-to-noise in the model im-
ages. This is the result of the significantly lower number of photon
packages used within the FitSKIRT fitting routine. Indeed, as each
FitSKIRT fit typically runs several tens of thousands of individual
SKIRT radiative transfer calculations, it is clear that one has to find
a balance between run time and noise suppression (De Geyter et al.
2013). The most important conclusion of this test calculation is that
all of the free parameters in the model are recovered within the un-
certainties. The input parameters and values recovered by both the
g-band monochromatic fit and the g-, r-, i- and z-band oligochro-
matic fit are listed in Table 2. The errors are determined by using
the same approach as discussed in De Geyter et al. (2013). f
In order to investigate the strength of the new fitting routine,
we also compared the result of our oligochromatic FitSKIRT fit
to the results of individual monochromatic FitSKIRT fit. The right
panel in Figure 2 shows the distribution of cumulative pixel per-
centage in the residual frames for both the oligochromatic g, r,
i and z images and the monochromatic g-band image (the other
monochromatic fits have residuals which are comparable to the g-
band fit). To avoid the low signal-to-noise pixels and focus on the
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Left-hand panel: Reference frame on the left, best fitting model of an oligochromatic griz-fitting on the right. Right-hand panel: The cumulative
pixel percentage distribution within a certain error percentage deviation of the reference frame. The oligochromatic model is shown as solid lines, each one
representing a different band, while the g-band monochromatic model is shown as a dashed line. The other monochromatic fits are similar to the g-band fit.
relevant ones we only include the 25,000 most central pixels of the
501ˆ101 pixels frames. We note that both fitting methods produce
models where about 80% of the pixels have a deviation within 25%
of the reference image. It is also clear that the oligochromatic fit
does no bias any band over the other which is a nice validation of
our precautions. It has to be noted, however, that in this case all the
images have the same signal-to-noise, which is usually not the case
of realistic data sets.
The oligochromatic models have smaller error bars on most
of the fitted model parameters than the individual monochromatic
models. This is particularly true for the parameters of the dust disc,
where the oligochromatic fitting clearly has an added value. Even
for the g band image, where the effects of extinction are most
prominent, the dust parameters are determined less accurately in
the monochromatic case compared to the oligochromatic fit. This
can be explained when we keep in mind the problems that the
monochromatic fitting procedures have to deal with. As discussed
in De Geyter et al. (2013) monochromatic fits to edge-on spiral
galaxies experience some degeneracy when trying to determine the
dust disc. A dense, small dust disc or a less opaque but radially
more extended dust disc can both give very similar images when
looking at one wavelength. When combining information from blue
and red bands, however, we can partially lift this degeneracy as in
this case a denser dust disc would affect the red bands more heav-
ily. Consequently a fitting procedure incorporating this information
would be able to differentiate these two cases and yield better con-
straints on the dust disc parameters.
4 FITTING RESULTS
We have applied FitSKIRT to the set of 12 edge-on spiral galax-
ies selected from the CALIFA survey. The computations were
done using the high performance cluster of the Flemish Supercom-
puter Center (Vlaams Supercomputer Centrum, VSC), located at
the Ghent University premises. As described in Sect. 2, we have
used the SDSS g, r, i and z-band images for each galaxy, which
are presented in the left-hand panels of Figure 3. The central col-
umn contains the fitted images in the corresponding bands, and the
right-hand column gives the residual images. The values of free pa-
rameters in the model for the 12 galaxies, with their error bars, can
be found in Table 3.
4.1 IC 2098
This galaxy is a late-type Scd, at a distance of about 47.8 Mpc (the
mean of the Tully-Fisher based distances determined by Theureau
et al. 2007 and Parnovsky & Parnowski 2010). Both the stellar and
dust disc of this galaxy have a fairly irregular morphology, which
is not unexpected for a late-type galaxy. A warp is not present
(Sa´nchez-Saavedra et al. 2003). In spite of the flocculent morphol-
ogy, our smooth model fit is quite satisfactory, with the relative
difference between observation and model below 25% over the en-
tire extent of the galaxy. Looking at the parameters in Table 3, we
note that the dust disc seems to be smaller than the stellar disc in
the radial direction. The radial extent of the dust disc might be un-
derestimated by the fitting mechanism since the brighter regions
have considerably more weight in our χ2 objective function. It has
to be noticed this is not the same as the degeneracy between a dense
dust disc or larger, less dense disc discussed in Sect. 3.4 as in this
case all bands would be affected. Consequently the face-on optical
depth of this galaxy might be overestimated as the central attenua-
tion is fitted using a higher density disc instead of a more radially
extended, optically thinner disc.
4.2 UGC 4136
At a distance of 90.8 Mpc (Falco et al. 1999), this bulge-dominated
Sa-type galaxy (Nair & Abraham 2010) is one of the most distant
galaxies in our sample. The best fitting model provides a satisfac-
tory fit to the images in all four bands, although there is a clear
signature of the dust lanes visible in the residual maps, especially
in the r and i bands. The radial scale length of the dust disc on the
other hand is extremely large, especially compared to the moder-
ate stellar scale length. Actually, the dust scale length was found to
tend towards the maximum value allowed in the fitting procedure,
even when this value was increased. The most likely explanation is
that this galaxy has an intrinsic dust distribution which is not prop-
erly described by our analytic model. The dust distribution may
have a ring structure rather than an exponential disc, which is not
uncommon for early-type disc galaxies (e.g., Kennicutt et al. 2011;
Ciesla et al. 2012; De Looze et al. 2012a). When we try to fit a
galaxy with a central dust cavity using an exponential disc model,
it is natural that the disc scale length will tend towards extremely
large values (i.e. flat distributions), as this is the only way to avoid
a strong central concentration. As the dust distribution can not be
described accurately with the use of an exponential disc, this re-
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Parameter unit IC 2098 UGC 4136 IC 2461 UGC 5481 NGC 3650 NGC 3987
hR,˚ kpc 4.71˘ 0.06 6.41˘ 0.20 3.42˘ 0.09 4.24˘ 0.10 3.66˘ 0.08 7.36˘ 0.28
hz,˚ kpc 0.43˘ 0.06 0.66˘ 0.04 0.15˘ 0.01 0.59˘ 0.06 0.62˘ 0.02 1.08˘ 0.05
Reff kpc 2.88˘ 0.54 1.19˘ 0.07 2.83˘ 0.26 5.99˘ 0.59 0.91˘ 0.09 1.79˘ 0.12
n — 3.0˘ 0.7 2.0˘ 0.2 4.0˘ 0.1 6.1˘ 0.4 2.9˘ 0.7 1.2˘ 0.2
q — 0.35˘ 0.03 0.85˘ 0.01 0.66˘ 0.04 0.39˘ 0.01 0.83˘ 0.03 0.48˘ 0.01
hR,d kpc 2.6˘ 0.18 29.33˘ 0.46 5.65˘ 1.47 10.33˘ 1.51 4.58˘ 1.26 4.62˘ 0.39
hz,d kpc 0.20˘ 0.02 0.33˘ 0.04 0.12˘ 0.03 0.51˘ 0.09 0.15˘ 0.01 0.40˘ 0.02
Md 107 Md 1.3˘ 0.1 22.0˘ 1.6 2.3˘ 0.8 15.2˘ 3.0 1.4˘ 0.3 6.1˘ 0.5
τfV — 1.65˘ 0.17 0.24˘ 0.10 0.62˘ 0.11 1.22˘ 0.32 0.57˘ 0.17 1.98˘ 0.17
τeV — 21.9˘ 1.2 17.5˘ 1.5 29.8˘ 4.9 25.0˘ 8.7 17.4˘ 2.1 23.7˘ 1.2
i deg 88.9˘ 0.1 85.5˘ 0.1 87.1˘ 0.2 82.3˘ 0.6 89.0˘ 0.2 89.9˘ 0.1
Ltotg 10
9 Ld 0.75˘ 0.12 4.12˘ 0.22 2.59˘ 0.48 8.71˘ 1.43 1.77˘ 0.26 1.74˘ 0.23
Ltotr 10
9 Ld 1.20˘ 0.15 6.69˘ 0.42 3.74˘ 0.51 12.93˘ 1.49 2.83˘ 0.39 3.12˘ 0.36
Ltoti 10
9 Ld 1.97˘ 0.23 8.92˘ 0.54 4.74˘ 0.45 16.65˘ 1.76 3.84˘ 0.52 4.47˘ 0.46
Ltotz 10
9 Ld 2.85˘ 0.05 11.79˘ 0.31 6.43˘ 0.32 21.6˘ 0.57 4.99˘ 0.06 6.3˘ 0.11
B{Tg — 0.33˘ 0.06 0.45˘ 0.03 0.47˘ 0.1 0.61˘ 0.12 0.30˘ 0.05 0.41˘ 0.06
B{Tr — 0.42˘ 0.06 0.48˘ 0.04 0.53˘ 0.09 0.64˘ 0.09 0.32˘ 0.04 0.45˘ 0.06
B{Ti — 0.46˘ 0.02 0.47˘ 0.01 0.56˘ 0.02 0.64˘ 0.02 0.32˘ 0.01 0.47˘ 0.01
B{Tz — 0.48˘ 0.02 0.48˘ 0.01 0.55˘ 0.03 0.59˘ 0.01 0.33˘ 0.01 0.48˘ 0.01
Parameter unit NGC 4175 IC 3203 IC 4225 NGC 5166 NGC 5908 UGC 12518
hR,˚ kpc 2.78˘ 0.12 5.56˘ 0.09 3.38˘ 0.05 3.92˘ 0.17 4.71˘ 0.28 2.92˘ 0.20
hz,˚ kpc 0.33˘ 0.04 0.83˘ 0.02 0.84˘ 0.04 0.66˘ 0.04 0.44˘ 0.02 0.29˘ 0.05
Reff kpc 0.92˘ 0.05 1.83˘ 0.06 1.25˘ 0.04 3.17˘ 0.59 7.54˘ 0.42 4.81˘ 1.16
n — 0.9˘ 0.1 1.2˘ 0.1 1.1˘ 0.1 5.8˘ 0.9 5.4˘ 0.8 5.2˘ 1.2
q — 0.75˘ 0.04 0.73˘ 0.03 0.69˘ 0.03 0.26˘ 0.04 0.63˘ 0.02 0.50˘ 0.04
hR,d kpc 3.33˘ 0.46 11.98˘ 2.81 10.01˘ 2.74 5.81˘ 1.12 5.74˘ 1.87 8.51˘ 1.95
hz,d kpc 0.25˘ 0.07 0.22˘ 0.02 0.24˘ 0.02 0.34˘ 0.06 0.12˘ 0.04 0.14˘ 0.02
Md 107 Md 1.5˘ 0.4 3.4˘ 0.7 2.1˘ 0.5 4.8˘ 0.9 10.8˘ 1.0 3.2˘ 1.6
τfV — 1.17˘ 0.19 0.20˘ 0.08 0.18˘ 0.17 1.23˘ 0.37 2.84˘ 0.99 0.90˘ 0.25
τeV — 15.5˘ 2.2 11.0˘ 1.6 7.4˘ 0.8 21.2˘ 4.7 132˘ 56 19.6˘ 2.9
i deg 83.2˘ 0.4 87.6˘ 0.4 89.3˘ 0.1 87.6˘ 0.5 83.4˘ 0.4 87.3˘ 0.1
Ltotg 10
9 Ld 1.24˘ 0.19 3.03˘ 0.24 1.63˘ 0.24 4.57˘ 0.91 5.69˘ 0.35 0.95˘ 0.14
Ltotr 10
9 Ld 1.86˘ 0.23 5.07˘ 0.37 2.48˘ 0.26 7.18˘ 1.14 10.91˘ 0.61 1.67˘ 0.15
Ltoti 10
9 Ld 2.58˘ 0.3 6.87˘ 0.47 3.27˘ 0.28 9.58˘ 1.16 16.08˘ 0.91 2.44˘ 0.23
Ltotz 10
9 Ld 3.34˘ 0.17 9.26˘ 0.1 4.16˘ 0.1 11.39˘ 0.51 22.09˘ 0.5 3.17˘ 0.1
B{Tg — 0.26˘ 0.05 0.34˘ 0.03 0.39˘ 0.06 0.45˘ 0.1 0.55˘ 0.04 0.52˘ 0.09
B{Tr — 0.32˘ 0.05 0.37˘ 0.03 0.4˘ 0.05 0.49˘ 0.09 0.57˘ 0.04 0.53˘ 0.06
B{Ti — 0.34˘ 0.02 0.38˘ 0.01 0.4˘ 0.01 0.49˘ 0.02 0.58˘ 0.01 0.54˘ 0.03
B{Tz — 0.39˘ 0.02 0.4˘ 0.01 0.43˘ 0.01 0.45˘ 0.02 0.55˘ 0.01 0.52˘ 0.02
Table 3. Results of the oligochromatic FitSKIRT radiative transfer fits to the 12 edge-on spiral galaxies in our sample. For each galaxy we list all physical free
parameters with their 1σ error bar as determined by FitSKIRT. For the meaning of the different parameters and determination of the error bars, see Sect. 3.1
of this paper and/or Sect. 3.1 from De Geyter et al. (2013).
sults found for this galaxy were not included in the discussion of a
sample as a whole.
4.3 IC 2461
This galaxy, with a classification varying from S0 (van den Bergh
et al. 2003) to Sbc (Hakobyan et al. 2008), has received quite some
attention in the literature due to the fact that it was the host galaxy
of the type II supernova SN 2002bx (Matheson et al. 2002). Fairly
recently, it was detected from soft to ultra-hard X-rays (Noguchi
et al. 2009; Cusumano et al. 2010; Koss et al. 2011), revealing a
deeply buried Seyfert 2 nucleus (Parisi et al. 2012). In the optical
SDSS images, it is a regular galaxy without evidence for perturba-
tions. We assumed a distance of 54.2 Mpc ( the average of Tully-
Fisher based distances (Theureau et al. 2007; Springob et al. 2009;
Parnovsky & Parnowski 2010)). The FitSKIRT model reproduces
the images quite accurately. Not only do the residuals show very
little deviation or irregularities, also the error bars on each of the
derived parameters are modest.
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Figure 3. Results of the oligochromatic FitSKIRT radiative transfer fits to the 12 edge-on spiral galaxies in our sample. In each panel, the left-hand column
represents the observed images in the g, r, i and z bands (from top to bottom), and the middle column contains the corresponding fits in the same bands. The
right-hand column contains the residual images, that indicate the relative deviation between the fit and the image. A color bar with the scaling of the latter is
indicated at the bottom. The orange contour in the residuals frames represents the signal-to-noise 3 level of the reference image.
4.4 UGC 5481
This rather anonymous galaxy at a distance of 90.2 Mpc (Theureau
et al. 2007) is one of the smallest galaxies in the sample in angular
size. With an axis ratio of over 25% it is the galaxy furthest from
edge-on (the fitted value of the inclination is 82.3˘ 0.6 deg). As a
result, the dust lane is not as sharp and prominent as for most other
galaxies in the sample. In spite of this rather large deviation from
edge-on, the fits are surprisingly satisfactory. The error bars on the
fitted parameters are not larger than average, and the residual maps
are quite smooth and without strong irregularities.
4.5 NGC 3650
This nice Sb type galaxy at a distance of 59.7 Mpc (Falco et al.
1999) is very close to exactly edge-on and characterized by a very
clear and strong dust lane. According to Sanchez-Saavedra et al.
(1990), it has a barely perceptible warp. The bulge is strongly
peanut-shaped (Lu¨tticke et al. 2000), which shows as a X-shape
pattern in the residual maps (our standard model of a flattened
Se´rsic bulge cannot reproduce peanut-shaped bulges). Apart from
this feature, the FitSKIRT fits reproduce the SDSS images particu-
larly well and the parameters of the model are well constrained.
4.6 NGC 3987
This almost exactly edge-on Sb galaxy (i “ 89.9˘ 0.2 deg) shows
a very prominent, albeit somewhat irregularly shaped dust lane. It
was one of the first edge-on galaxies in which the surface brightness
distribution was studied in detail (Davis 1975). It is one of the best
known galaxies in our sample, mainly thanks to hosting the type
Ia supernova SN 2001V (Vinko´ et al. 2003). Redshift-independent
distances in the literature vary from 41 Mpc (Amanullah et al.
2010) to 70 Mpc (Theureau et al. 2007); we use an average value
61.4 Mpc. NGC 3987 is a bright radio source and strong emitter at
infrared and sub-millimeter wavelengths (Yun et al. 2001; Vlahakis
et al. 2005). The FitSKIRT fit to the SDSS images is not perfect,
with many artifacts visible in the residual maps. Looking at the best
fitting parameters, we note that the stellar disc seems to be more ra-
dially extended than the dust disc, as we previously obtained for
IC 2098. In this case, however, the dust disc is probably underes-
timated due to a warp in the dust lane. Indeed, the residual frames
clearly show the region where the fit and model differ significantly:
the dust lane deviates from the major axis in opposite directions on
either side of the galaxy. Interestingly, Vlahakis et al. (2005) have
observed that the 850 µm submillimeter emission in NGC 3987 is
slightly offset from the galaxy’s plane. As our analytic model does
not include such feature it will break off at radius where the dust
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disc deviates away from the plane of the galaxy. The resulting face-
on optical depth is therefore probably overestimated.
4.7 NGC 4175
Together with the two lenticular galaxies NGC 4169 and
NGC 4174, this Sbc type galaxy forms the Hickson (1982) com-
pact group HCG 61. At a distance of about 42.2 Mpc (Theureau
et al. 2007), NGC 4175 is the most nearby galaxy in our sample. It
has an active galactic nucleus (Martı´nez et al. 2010) with a strong
emission at MIR, FIR and radio wavelengths (e.g., Surace et al.
2004; Johnson et al. 2007; Gallagher et al. 2008), and a signifi-
cantly disturbed morphology in the inner regions. The SDSS im-
ages show a clear asymmetry between the two sides of the disc in
all four bands. FitSKIRT is unable to fit these asymmetries using
our smooth 2D model, so these features stand out in the residual
maps as well. Nevertheless the fit is acceptable when looking at the
residuals and most parameters are quite well constrained.
4.8 IC 3203
At a distance of 119.2 Mpc (Willick et al. 1997; Theureau et al.
2007), IC 3203 is the most distant galaxy from the sample, and
among the smallest on the sky. It has been classified both as S0
(van den Bergh et al. 2003) and Sb (Hakobyan et al. 2008), and
was home of a rare type IIb supernova, SN 2003ac (Filippenko
& Chornock 2003). As it is resolved quite poorly, the uncertainty
on the dust parameters is larger compared to other galaxies. The
residual maps indicate that the bulge is moderately peanut-shaped.
The face-on optical depth derived from the FitSKIRT fit (τfV “
0.20 ˘ 0.08) is quite low and might be underestimated because of
the poorly resolved and smoothened dust lane.
4.9 IC 4225
IC 4225 is a rather anonymous Sa galaxy in the Coma supercluster
region at a distance of about 73.9 Mpc (Ramella et al. 1995). It is
oriented almost perfectly edge-on (i “ 89.3˘0.1 deg), but unfortu-
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Figure 3. (continued)
nately has the smallest angular extent of all galaxies in our sample.
The SDSS images and the residual images clearly show an asym-
metry between the left an right side of the galaxy, which might be
due to spiral structure. In general, however, the FitSKIRT fits are
satisfactory with residual errors below 25% for most of the pixels
in the images.
4.10 NGC 5166
NGC 5166 is a rather ordinary Sb type galaxy at a Tully-Fisher
based distance of 62.6 Mpc (Theureau et al. 2007). It has a promi-
nent but somewhat asymmetric dust lane. Its bulge is known to be
strongly peanut-shaped (Lu¨tticke et al. 2000), which shows up in
the residual frames (in this case mostly in the r-band) as the typical
butterfly or X-shape pattern. Apart from these features, the overall
radiative transfer fit is remarkably good.
4.11 NGC 5908
This Sb galaxy forms a weakly interacting pair with NGC 5905
at a distance of 53.4 Mpc (Theureau et al. 2007). Its surface
brightness distribution has been studied extensively in the past
two decades (e.g. Peletier & Balcells 1997; Laurikainen & Salo
2000; Schwarzkopf & Dettmar 2000). Similarly to UGC 5481 and
NGC 4175, it has a fairly large deviation from an edge-on incli-
nation (i „ 83 deg). In apparent size, it is the largest galaxy in
our sample, but the poorest radiative transfer fit: the fitted edge-
on optical depth value is unrealistically high at τeV „ 132, and
strong structures remain visible in the residual images. Although
the bright regions are recovered reasonably, the dust lane is fitted
very poorly with relative errors exceeding 100%. Both the observa-
tions and the residuals show that the dust is distributed in a smooth
ring rather than the standard double-exponential disc we have used
for our fits. In fact, with its relatively smooth dust ring, bright bulge
and extended halo, the galaxy reminds strongly of the Sombrero
galaxy (Gadotti & Sa´nchez-Janssen 2012; De Looze et al. 2012a),
a fact already noted by de Vaucouleurs et al. (1964). Because the
geometry clearly deviates from an exponential disc, this galaxy was
discarded when determining the average quantities of our sample.
4.12 UGC 12518
The last galaxy in our sample is again a rather unexceptional Sb
galaxy, located at 51.6 Mpc (Springob et al. 2009). Together with
IC 3203, it has the smallest apparent vertical size of the entire sam-
ple. Consequently, the dust lane is only a few pixels thick making it
hard to get accurate constraints on the dust distribution parameters.
Moreover, the SDSS images and the residual images show that the
bulge is clearly box-shaped. The result is that the fit is moderately
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good, although the dust parameters are recovered with relatively
large error bars.
5 DISCUSSION
5.1 Quality of the FitSKIRT radiative transfer fits
Looking at the results, we conclude that in general most galaxies
are modeled accurately, especially when keeping in mind that the
FitSKIRT models only consist of three basic components and they
were determined by an automated procedure over a large parame-
ters space without strong initial boundary conditions. Only two of
our galaxies, NGC 5980 and UGC 4136, could not be accurately
described by the model we have presumed. The dust geometry in
these two systems is probably better described by a ring-like ge-
ometry rather than an exponential disc. The values found by Fit-
SKIRT do not have any significant meaning for these two galaxies
and using them could bias our results. Although it is likely that
other galaxies in our sample also have a geometry that deviates
from our model, we did not find strong indications of systematic
deviations. Most of the variations seen in the residual maps are the
result of small perturbations in the galaxy rather than a larger-scale
and systematic deviation.
To quantify the accuracy of the fits, Figure 4 shows the cu-
mulative pixel distribution of the residuals of the entire sample,
averaged for each band separately. The solid lines on this figure
show which fraction of the pixels are reproduced by the models
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Figure 4. Cumulative pixel distribution of all the residual frames for all 12
galaxies. The standard deviation within the sample is given for the z-band.
The dashed lines represent the fraction of the pixels in the observed images
with a signal-to-noise of three or higher.
with a relative error smaller than the value on the horizontal axis,
the shaded region indicates the dispersion on this curve for the z-
band (it is representative for the other bands as well). The dashed
lines represent the fraction of the pixels in the observed images with
a signal-to-noise of three or higher.
The r and i-band images show the least deviation between
the model and the corresponding SDSS reference images. In other
words, FitSKIRT provides the best fits to the r and i band images.
The g-band images are fitted slightly worse – the reason is proba-
bly that the dust extinction is strongest in this band and that asym-
metries and small-scale irregularities are most prominent. Finally,
the z-band observations, where only about 60% of the pixels have
a signal-to-noise above three, are fitted least accurately. The most
likely reason is the relatively poor signal-to-noise ratio. In Sect. 3.4
it was shown that in our test case, where the signal-to-noise was
equal in all bands, there was no significant biasing of one band
over the other. In general, we find that, in any band, more than half
of the pixels have a deviation of 25% or better, and this improves
to 15% in the r and i bands.
The last column in Table 4 lists the average 1σ error bar on
each of the fitted values for the free parameters in the model. No-
tice that these errors do not take into account possible systematic
errors. The inclination is the best constrained parameter: in all cases
it is determined with an accuracy of less than half a degree. The pa-
rameters linked to the stellar geometry are better constrained than
the dust parameters, which is consistent with the results found in
De Geyter et al. (2013). The stellar disc parameters are determined
with a relative accuracy of less than 10% while the bulge param-
eters are derived with an uncertainty of approximately 15%. The
error bars for the scale height of the dust disc and the edge-on opti-
cal depth, two parameters that have a direct effect on the appearance
of the dust lane in edge-on spiral galaxies, are also of the order of
15%. For the dust mass and the face-on optical depth, parameters
that do not have as direct an impact on the morphology, the error
bar is between 20 and 30%. Both the disc and bulge luminosity are
recovered more precisely when we go to redder bands. This is not
so peculiar as the attenuation in the blue bands makes it harder to
recover the intrinsic luminosity. Overall the deviations on the lu-
minosity are of order of 15% or less. The third column in Table 4
Parameter unit mean˘RMS 1σ (%)
hR,˚ kpc 4.23˘ 1.23 3
hz,˚ kpc 0.51˘ 0.27 7
Reff kpc 2.31˘ 1.59 11
n — 2.61˘ 1.80 14
q — 0.56˘ 0.20 6
hR,d kpc 6.03˘ 2.92 19
hz,d kpc 0.23˘ 0.10 13
Md 107 Md 3.02˘ 2.21 23
τfV — 0.76˘ 0.60 28
τeV — 18.0˘ 7.1 15
i deg 86.7˘ 2.5 0.4
Ltotg 10
9 Ld 2.70˘ 2.40 15
Ltotr 10
9 Ld 4.12˘ 3.54 12
Ltoti 10
9 Ld 5.64˘ 4.50 10
Ltotz 10
9 Ld 7.35˘ 5.72 3
B{Tg — 0.41˘ 0.11 17
B{Tr — 0.45˘ 0.11 14
B{Ti — 0.46˘ 0.11 4
B{Tz — 0.46˘ 0.08 3
Table 4. Mean values, RMS values, and average 1σ error bars for the dif-
ferent model parameters for the galaxies in our sample. For the parameters
of the dust, UGC 4163 and NGC 5908 were not included, as these galaxies
are poorly described by our standard double exponential disc model.
contains the mean values and the RMS of the physical free param-
eters derived from the radiative transfer fits.
The general conclusion drawn from our radiative transfer fits
is that most galaxies can be modeled appropriately with an expo-
nential disc for the stars and the dust and a Se´rsic profile describing
the central bulge. In most cases the parameters of the different com-
ponents can be constrained with a satisfactory level of accuracy.
5.2 The stellar disc and bulge
As none of the galaxies in our sample have been modeled using
radiative transfer simulations before, we cannot directly compare
the values we obtain for individual galaxies. As a useful sanity
check, however, we can check whether the average values of the de-
rived parameters are in agreement with general values for the global
galaxy population. This applies in particular to the parameters of
the stellar geometry, which can be derived from large samples of
galaxies without the need of full radiative transfer calculations.
Concerning the properties of the stellar disc, an interesting
sample to compare our results to is the set of 34 edge-on spi-
ral galaxies by Kregel et al. (2002). They fit a combination of a
double-exponential disc and a Se´rsic bulge to I-band images, care-
fully masking the dust lane region. Averaging the values of their
Table 1, we find a mean scale length of 4.73 ˘ 2.57 kpc and scale
height of 0.57˘ 0.25 kpc. These values are in agreement with our
results of 4.23 ˘ 1.23 kpc and 0.51 ˘ 0.27 kpc, respectively. The
mean intrinsic flattening of the stellar disc, i.e. the ratio hR,˚{hz,˚,
in the Kregel et al. (2002) sample is 8.21˘ 2.36, again in excellent
agreement with our value of 8.26˘ 3.44.
For the properties of the bulge, we can compare our average
values to the Gadotti (2009) sample, which contains nearly 1000
face-on galaxies selected from the SDSS for which detailed mor-
phological decomposition was applied. When we eliminate the el-
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liptical galaxies from the sample and look at the r-band values, we
find for the Se´rsic index a mean value 2.37˘ 1.35, consistent with
our value of 2.61˘ 1.80.
Interesting is the effective radius of the bulge: the typical value
obtained by Gadotti (2009) is 0.84 ˘ 0.36 kpc, which is signifi-
cantly smaller than (but still compatible within the error bars with)
the value of 2.31 ˘ 1.59 kpc we obtain. One reason for this dis-
tinction could be that we have not taken into account a bar in our
radiative transfer fits, whereas Gadotti (2009) do fit a combination
of a disc, bulge and bar to their images. The addition of a bar in
the fitting has a significant effect on the resulting properties of the
bulge. A second important aspect is the effect of dust attenuation
on the derived properties: the presence of dust can severely affect
the apparent parameters in bulge-disc decomposition, even at low
inclinations (e.g. Graham & Worley 2008; Gadotti et al. 2010; Pas-
trav et al. 2013a,b). In particular, Gadotti et al. (2010) demonstrate
using detailed radiative transfer modeling that if the effects of dust
are not taken into account then bulge effective radii are systemati-
cally underestimated. Another possible cause for this difference is
that one of the selection criterions for our sample was presence of
a dust lane. Galaxies with a large bulge are more likely to show a
prominent dust lane than galaxies with a small bulge, so this selec-
tion criterion could be in part responsible for the rather large bulges
in our sample.
Similarly interesting is the value of the bulge-to-disc ratio or
the bulge-to-total ratio. Since Gadotti (2009) uses a disc, a bar and
a bulge in his fits, we can not directly compare the bulge-to-total
values between both samples. Consequently we have to add their
bulge and bar component when calculating the bulge-to-total ra-
tio which would be found by a two-component fit. This results in
0.32˘ 0.22, 0.33˘ 0.20 and 0.33˘ 0.20 for the g-, r- and i-band
respectively. The bulges of the galaxies in our sample seem about
25% more luminous compared to the sample of Gadotti (2009). A
similar flattening of the bulge-to-total ratio is found when going to
longer wavelengths.
We can conclude that in general the parameters found for the
stellar disc and bulge are in good agreement with other studies and
there no large systematic deviations in our sample or fitting proce-
dure.
5.3 The star-dust geometry
Table 4 also lists the average scale length and scale height of the
dust disc and their spread within our sample. The dust scale height
is in good agreement with the values 0.23˘0.08 kpc and 0.25˘0.11
kpc found using radiative transfer fits on V-band images by X99
and B07 respectively.
We find a relatively good agreement of the relative sizes of
the dust and stellar discs. For the ratios of the dust to stellar scale
height we find 0.50˘ 0.22, which is consistent with the conclusion
found by X99, 0.58 ˘ 0.13, and B07, 0.52 ˘ 0.49. For the dust
scale length to stellar scale length ratio we find 1.73˘ 0.83. This is
slightly larger in average and in spread but still in agreement with
X99, 1.36˘ 0.17 and B07, 1.53˘ 0.55. We can hence confirm the
results from these studies, that the dust in spiral galaxies is typically
distributed in a disc only half as thick but radially more than 50%
larger the stellar disc.
To investigate a similar feature in our sample, we have calcu-
lated the stellar masses using the intrinsic luminosities and g ´ z
color difference according to the recipe described in Zibetti et al.
(2009). The left panel of Figure 5 shows the dust to stellar scale
heights as a function of stellar mass. The vertical line shows the
stellar mass of a bulgeless galaxy corresponding to the rotation
speed of 120 km s´1 using the baryonic Tully-Fisher relation (Bell
& de Jong 2001; Dalcanton et al. 2004). Although most of our
galaxies have a higher stellar mass and are therefore expected to
rotate faster, four of the ten galaxies fall below the transition line.
It should be noted that using the stellar mass instead of the actual
rotation speed is only an approximation and that our sample con-
tains galaxies with moderate to large bulges while the sample of
Dalcanton et al. (2004) consists of bulgeless galaxies.
To check whether the presence of a bulge has an effect on the
relative size of the dust disc, we have investigated the dust to stellar
scale height in function of the g-band bulge-to-disc ratio. These ten
galaxies with corresponding uncertainties are shown in the right
panel of Figure 5. To extend our sample and as a sanity check we
have added two galaxies modeled previously with FitSKIRT in blue
dots (De Geyter et al. 2013; De Looze et al. 2012b), and V-band
values of the galaxies modeled by B07 in green dots. However, as
there was no error determination for the parameters determined by
B07, they were not taken into account in the determination of the
best fitting trend line. The galaxies modeled by X99 do not come
with a clear bulge-to-disc ratio and were therefore not included.
Looking at the right panel of Figure 5, it appears there is a cor-
relation between the ratio of the dust to stellar scale height and the
bulge-to-disc luminosity ratios, i.e. galaxies with more prominent
bulges tend to have dust scale heights increasingly similar to the
stellar scale heights. Again, we have to consider a bias due to our
sample selection criteria. As discussed before, galaxies with larger
bulges often have more noticeable dust lanes. Therefore it is not
surprising to find vertically more extended dust discs in galaxies
with a more prominent bulge compared to thinner, bulgeless galax-
ies. This, however, does not explain why there is a lack of thin dust
discs for galaxies with larger bulges. Consequently, this potential
bias in the selection process alone can not explain the trend found
for this sample.
Another small bias might be the fact that only one exponen-
tial disc is used to describe the stellar population. It is known that
galaxies can have distinct separation of stellar populations where
the young stars are in a thin yet heavily obscured disc while the
older stellar population is distributed in a thicker disc (see also
Pierini et al. 2004; Popescu et al. 2011; Schechtman-Rook et al.
2012). As the thin, bulgeless galaxies typically possess a younger,
yet obscured stellar population, the resulting stellar scale height
might be overestimated. Therefore the result is a smaller dust to
stellar scale height ratio.
Whether or not these biases in the sample can completely ex-
plain the correlation is unclear. One possible physical explanation
for the lack of thin dust discs for bulge-dominated galaxies may
lie in variations of the dominant dust heating mechanisms. Dust
has been found to be predominantly heated by either diffuse emis-
sion from the total stellar population (e.g. Bendo et al. 2010, 2012;
Boquien et al. 2011; Groves et al. 2012) or by star-forming re-
gions (Galametz et al. 2010; Hughes et al. 2014). In a typical star-
forming disk, dust and other ISM material are heated locally by
star-forming regions. In galaxies with prominent bulges, the dust
heating from star-forming regions may be supplemented with an
additional source of dust heating originating from the diffuse emis-
sion of the older stellar population in the bulge. One may hypothe-
size that a greater contribution to the dust heating by the total stel-
lar population in galaxies with increasing bulge-to-disc ratio, may
lead to an increase in net heating of the ISM and, subsequently, a
thickening of the dust disc. However, whilst the tendency of bulge-
dominated galaxies to experience a thickening of the dust disc due
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Figure 5. Left: The ratio of the dust to stellar scale heights in function of the stellar mass. The blue line marks the stellar mass at the which the rotation
speed exceeds 120 km s´1 marking the transition from dynamically stable discs to perturbed discs prone to vertical ”collapse” as discussed in Dalcanton et al.
(2004). Right: the relation between ratio of the dust scale height and the stellar scale height and the bulge-to-disc ratio for the entire sample. The blue line
shows the best fitting linear fit while the blue region is the one-sigma deviation calculated out of the uncertainties on the best fitting values. The blue dots are
previous monochromatic FitSKIRT results for NGC 4565 (De Geyter et al. 2013) and NGC 4013 (De Looze et al. 2012b). The green dots are the values found
by Bianchi (2007).
to increased dust heating from the stellar population in the bulge
may plausibly explain the lack of thin dust discs found at high
bulge-to-disc ratios, we strongly warn that this physical mechanism
is highly uncertain, speculative, and only included for completeness
in our discussion. Further studies, in which we extend our sample
size, wavelength range and the capability of the models to describe
multiple stellar populations, are necessary in order to provide fur-
ther insight into a possible physical explanation for this relation.
5.4 Optical depth
The galaxies analyzed by X99, have a V-band face-on optical depth
of 0.49 ˘ 0.19 and none of them with a value higher than one,
which would indicate these galaxies would be completely trans-
parent if they were to be seen face-on. B07 used a Monte Carlo
radiative transfer code to model a different sample of galaxies (two
galaxies are in common with the X99 sample). He found a slightly
larger spread in V-band optical depths, ranging up to τfV “ 1.46
for NGC 4013. The average value for the sample studied by B07 is
0.58˘ 0.45.
In our sample of 10 galaxies, we find a larger spread in face-
on V-band optical depth, ranging from a mere 0.18 for IC 4225 to
1.98 for NGC 3987. The average value and RMS for our sample
is 0.76 ˘ 0.60, formally consistent with the mean value found by
X99 and B07. The larger spread however seems to suggest that
spiral galaxies, although on average optically thin, a non-negligible
part is not entirely transparent. This slightly larger value for the
optical depth can at least partly be ascribed to the different selection
criteria. X99 and B07 considered very nearby galaxies, whereas our
galaxies are significantly more distant (the average distances to the
galaxies in the samples are 21, 30, and 64 Mpc for X99, B07 and
our sample respectively). The combination of the larger distance
with the requirement that the galaxies need to show a prominent
dust lane, might bias our sample toward galaxies with more dust
than average, and hence with an average optical depth larger than
the more nearby samples of X99 and B07. Whether or not this can
fully explain the difference is hard to tell.
One might suspect that differences in the optimization and the
radiative transfer treatment itself could be a possible origin for this
difference. However, it does not seem likely that FitSKIRT sys-
tematically overestimates the optical depth: for NGC 4013, the one
galaxy that has been modeled using the three codes, the optical
depth found by FitSKIRT lies in between the values obtained by
the two other teams (De Geyter et al. 2013).
5.5 Dust mass and the dust energy balance
Since the launch of the Herschel Space Observatory, dust masses
for thousands of nearby galaxies have been determined by fitting
simple modified blackbody or more complicated SED models to
the observed far-infrared and submm fluxes. Our radiative trans-
fer models provide us with a completely independent and alterna-
tive technique to estimate the dust mass in galaxies. The average
dust mass for our galaxy sample is xlog Md{Mdy “ 7.48 ˘ 0.32.
When we compare this value to the typical values found for nor-
mal late-type galaxies based on HerschelFIR/submm SEDs, we
find fairly compatible results. For example, Davies et al. (2012) find
xlog Md{Mdy “ 7.06˘0.45 in a 500 µm selected sample of 78 op-
tically bright galaxies from the HeViCS survey (Davies et al. 2010),
Galametz et al. (2012) found xlog Md{Mdy “ 7.34 ˘ 0.30 for a
sample of 11 nearby galaxies from the KINGFISH sample (Kenni-
cutt et al. 2011), and Smith et al. (2012) obtained xlog Md{Mdy “
8.01 for a sample of more than thousand z ă 0.35 galaxies selected
from the H-ATLAS survey (Eales et al. 2010).
In Figure 6 we plot the dust-to-stellar mass ratio as a func-
tion of the stellar mass for our sample galaxies. We also show on
this plot the late-type galaxies from the Herschel Reference Survey
(HRS), a complete volume-limited survey of 323 normal galax-
ies in the nearby universe (Boselli et al. 2010). The dust masses
for the HRS galaxies were obtained by an empirical recipe based
on the SPIRE flux densities, calibrated against modified blackbody
SED models and the Draine & Li (2007) dust model (Cortese et al.
2012). For both samples, stellar masses are determined from the
i-band luminosities using the g´ i color-dependent stellar mass-to-
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Figure 6. The dust to stellar mass ratio (specific dust mass) in function
of the stellar mass. The black dots represent the 12 galaxies in our sample
while the open circle are the values found for the Herschel Reference Survey
galaxies (Cortese et al. 2012). Notice that our CALIFA sample seems to be
more dust rich compared the HRS sample.
light ratio relation from Zibetti et al. (2009), assuming a Chabrier
(2003) initial mass function. The dust-to-stellar mass ratios for our
galaxies fall in the range as the HRS galaxies, but tend to populate
the upper regions of this plot. In other words, for a given stellar
mass, our sample galaxies tend to be rather dustier compared to the
general HRS population.
This is quite surprising in the light of the so-called dust en-
ergy balance inconsistency that seems to be applicable for spiral
galaxies. For a small number of edge-on spiral galaxies for which
detailed radiative transfer fits have been made, the predicted FIR
emission from the models generally underestimates the observed
FIR fluxes by a factor of about three (Popescu et al. 2000, 2011;
Misiriotis et al. 2001; Alton et al. 2004; Dasyra et al. 2005; Baes
et al. 2010; De Looze et al. 2012b,a). One would therefore expect
that dust masses based on SED fits to the observed FIR/submm,
such as those for the HRS galaxies in Figure 6, would tend to be
several times higher than the dust masses based on radiative trans-
fer modeling of optical images, such as the ones we derived for our
sample.
A possible explanation could, again, be the different selection
criteria of the two samples. All HRS galaxies are located at a dis-
tance between 15 and 25 Mpc, and the late-type galaxy subsample
was selected based on a K-band flux limit (as a proxy for the stellar
mass). Our sample, on the other hand, is more distant and was cho-
sen to show prominent dust lanes, and as such it might be biased
to more dust-rich galaxies than the general HRS population. The
only way to really test whether this can explain the different loca-
tion of the samples in Figure 6 is by calculating the FIR/submm
emission that is to be expected from the radiative transfer mod-
els for the galaxies in our sample, and comparing it to the observed
FIR/submm flux densities (at least for those galaxies for which such
data are available). This is beyond the scope of the present paper
and will be the subject of a subsequent work.
6 CONCLUSIONS
We have selected 12 edge-on, spiral galaxies from the CALIFA sur-
vey in order to constrain both their stellar and dust distribution. This
was done by computing accurate radiative transfer models to the
SDSS g-, r-, i- and z-band images simultaneously. As the galaxies
are part of the CALIFA survey they already comply to the follow-
ing criteria: the redshift ranges between 0.005 ă z ă 0.03 and the
isophotal r-band diameter ranges from 45 to 80 arcsec. The galax-
ies with an obvious dust lane were then selected while avoiding the
strongly asymmetrical or interacting ones. As final selection cri-
terium we exclude galaxies with a major axis smaller than 1 arcmin
or a minor axis smaller than 8 arcsec as to ensure the dust lane has
a high enough resolution to be modeled accurately.
Before using our automated fitting routine, FitSKIRT, we have
tested and validated its capabilities by applying it to a test case de-
scribed in De Geyter et al. (2013). The mock image was created
using the radiative transfer code SKIRT, in order to compare both
the ability to reproduce the image as well as the recovery of the
input values. We found that FitSKIRT was able to give reason-
able constraints on all free parameters describing the stellar disc,
stellar Se´rsic bulge and dust disc. It is shown that the oligochro-
matic fitting, i.e. fitting to a number of bands simultaneously, has
clear advantages over monochromatic fitting in terms of accuracy.
In particular the parameters describing the dust distribution have a
smaller spread as the oligochromatic fitting method is less prone
to degeneracies in the free parameters. Of the 25000 most central
pixels, about 80% have a value that deviates 20% or less from the
corresponding pixel in the reference image. With these results we
can safely apply the method to real data.
The results of the fits to the 12 galaxies in our sample can be
found in Table 3 while the sample averages, spread and accuracy
can be found in Table 4.
For only two galaxies (UGC 4163 and NGC 5908) in our sam-
ple, we found that the model, consisting of a exponential disc to de-
scribe the stellar and dust distribution and a Se´rsic profile to model
the central bulge, was not able to accurately reproduce the obser-
vations. In all other cases we were able to model the galaxies and
constrain the parameters to an acceptable accuracy. In all of the
residual frames more than half of the pixels show deviations of at
most 25 %. Stellar disc and bulge parameters are determined within
10 and 15% respectively while the dust parameters are less certain,
with error bars rising up to 20 or 30% for the face-on optical depth.
We find that the average disc scale length and intrinsic disc
flattening is in good agreement with the results described by Kregel
et al. (2002) and Gadotti (2009). Our sample, on the other hand,
does seem to have larger bulges with an average effective radius of
2.31˘1.59 kpc. Possible explanations for this difference are the fact
that we do not include a bar in our model and a possible selection
effect due to the necessity to have a clear dust lane while Gadotti
(2009) does not take into account the effect of dust attenuation on
the determined bulge parameters. Consequently a slightly higher
bulge-to-total ratio is found although we find a similar trend in the
ratios as a function of wavelength.
For the dust scale length and height we find a good agree-
ment with X99 and B07. Also the relative sizes of the dust disc
compared to the stellar disc are in good agreement where we find
that the dust disc is about 70% more extended, which is slightly
larger than found by X99 and B07, but twice as thin as the stel-
lar disc. From Dalcanton et al. (2004) we should expect to see a
transition for galaxies with a rotation speed of 120 km s´1 where
the slower rotating ones should have a dust disc scale height sim-
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ilar to the one of the stellar disc. Using the baryonic Tully-Fisher
relation to get estimates on the rotation speed based on the stellar
mass of the galaxies we do not seem to find a similar trend in our
sample. A possible explanation might again be that our sample has
a clear tendency for larger bulges compared to the bulgeless galax-
ies investigated by Dalcanton et al. (2004) and MacLachlan et al.
(2011).
An important aspect of the dust distribution in spiral galaxies
is the face-on optical depth. A value of higher than 1 means a sig-
nificant part of the light would be blocked even when the galaxy
is seen face-on. In our sample we find a large spread ranging from
0.18 to 1.98 with an average V-band value of 0.76 and spread within
the sample of 0.60. As a result, a fraction of the galaxies should not
be transparent even when seen completely face-on. This is a slightly
larger value in optical depth and in spread than what was previously
found by X99 and B07. This could be the result of our galaxies re-
quiring a visible dust lane while the galaxies are at larger distance
compared to the sample investigated by X99 and B07. Therefore
the galaxies in our sample are relatively more dust rich than galax-
ies selected on a dust lane at smaller distances.
The same difference in distance of this sample and the HRS
sample investigated in Cortese et al. (2012) could explain why our
galaxies reside on the higher side of the relation between the dust-
to-stellar mass and the stellar mass. This is an unexpected result,
as deriving the dust mass from extinction usually results in values
which underestimate the actual dust mass determined from FIR ob-
servations by a factor of 3 (Popescu et al. 2000, 2011; Misiriotis
et al. 2001; Alton et al. 2004; Dasyra et al. 2005; Baes et al. 2010).
A useful way to follow up this research would be to inves-
tigate this difference by modeling these galaxies by the means of
detailed panchromatic radiative transfer simulations covering the
entire SED from the UV to the FIR (Baes et al. 2010; De Looze
et al. 2012b,a). Comparing the FIR fluxes predicted from the ra-
diative transfer models determined in this paper with the observed
fluxes would yield further insights into the dust energy balance of
spiral galaxies.
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